







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 18 August 2021



                    Ghost hyperbolic surface polaritons in bulk anisotropic crystals

                    	Weiliang Ma1 na1, 
	Guangwei Hu 
            ORCID: orcid.org/0000-0002-3023-96322,3 na1, 
	Debo Hu 
            ORCID: orcid.org/0000-0001-9432-16704 na1, 
	Runkun Chen1 na1, 
	Tian Sun1, 
	Xinliang Zhang 
            ORCID: orcid.org/0000-0001-8513-33281, 
	Qing Dai 
            ORCID: orcid.org/0000-0002-1750-08674, 
	Ying Zeng1, 
	Andrea Alù 
            ORCID: orcid.org/0000-0002-4297-52743,5, 
	Cheng-Wei Qiu 
            ORCID: orcid.org/0000-0002-6605-500X2 & 
	…
	Peining Li 
            ORCID: orcid.org/0000-0003-3836-38031 

Show authors

                    

                    
                        
    Nature

                        volume 596, pages 362–366 (2021)Cite this article
                    

                    
        
            	
                        17k Accesses

                    
	
                        99 Citations

                    
	
                            94 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Nanophotonics and plasmonics
	Polaritons
	Sub-wavelength optics


    


                
    
    

    
    

                
            


        
            Abstract
Polaritons in anisotropic materials result in exotic optical features, which can provide opportunities to control light at the nanoscale1,2,3,4,5,6,7,8,9,10. So far these polaritons have been limited to two classes: bulk polaritons, which propagate inside a material, and surface polaritons, which decay exponentially away from an interface. Here we report a near-field observation of ghost phonon polaritons, which propagate with in-plane hyperbolic dispersion on the surface of a polar uniaxial crystal and, at the same time, exhibit oblique wavefronts in the bulk. Ghost polaritons are an atypical non-uniform surface wave solution of Maxwell’s equations, arising at the surface of uniaxial materials in which the optic axis is slanted with respect to the interface. They exhibit an unusual bi-state nature, being both propagating (phase-progressing) and evanescent (decaying) within the crystal bulk, in contrast to conventional surface waves that are purely evanescent away from the interface. Our real-space near-field imaging experiments reveal long-distance (over 20 micrometres), ray-like propagation of deeply subwavelength ghost polaritons across the surface, verifying long-range, directional and diffraction-less polariton propagation. At the same time, we show that control of the out-of-plane angle of the optic axis enables hyperbolic-to-elliptic topological transitions at fixed frequency, providing a route to tailor the band diagram topology of surface polariton waves. Our results demonstrate a polaritonic wave phenomenon with unique opportunities to tailor nanoscale light in natural anisotropic crystals.
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                    Fig. 1: Ghost hyperbolic surface phonon polaritons at the interface of a bulk calcite crystal.[image: ]


Fig. 2: Real-space imaging of g-HPs excited by an infrared antenna under oblique plane-wave illumination at the surface of bulk calcite.[image: ]


Fig. 3: Launching highly confined g-HPs for in-plane directional and diffraction-less polariton propagation.[image: ]


Fig. 4: Tunable hyperbolicity and topological transition of polaritons in calcite.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Centimetre-sized calcite substrates with different optic axis-orientations and corresponding XRD patterns, angle-resolved far-field reflectance.
a–c, Optical microscope images of calcite substrates for θ = 90°, 23.3°, 48.5° (the crystal surface is along plane (001), (100), (104), respectively). d, Schematics of the characteristic planes and the corresponding angle θ with respect to optic axis. Black dashed arrow represents optic axis. Green, red and blue lines indicate the characteristic plane (100), (001), (104), respectively. e, X-ray diffraction (XRD) data of calcite substrates with different angles with respect to optic axis. XRD patterns of three calcite substrates with different θ exhibited strong diffraction peaks at 31.4°, 64.7°, 29.4° indicating the characteristic plane (001), (100) and (104) of calcite, respectively. f, Fourier-transform infrared reflection spectra of calcite substrates shown in a–c for different polarization angles of the incident light. The 0° polarization defined here is parallel with direction of red arrow in x–y plane. g, Theoretically fitted spectra using the dielectric permittivities according to Methods. The results for the calcite substrates for θ = 90° (the surface is along plane (001)), θ = 23.3° (the surface is along plane (100)) and θ = 48.5° (the surface is along plane (104)), respectively.


Extended Data Fig. 2 Comparison of the modal patterns of the g-HPs, s-HPs and v-HPs.
a–c, Transverse cross-section of the simulated near-field distributions of a g-HPs mode (a), s-HPs mode (b) and the fundamental v-HPs waveguide mode M0 (c). These results are shown in Fig. 1. d, e, Near-field distributions of the higher order v-HPs waveguide modes, M1 (d) and M2 (e). The s-HPs possess pure imaginary-valued kz and thus exponentially decay inside the crystal. The v-HPs exhibiting real-valued wave vector kz in the material. They thus can accumulate the phase variations in the vertical direction to form Fabry–Pérot interferences between the two interfaces, resulting in the different order waveguide modes. By contrast, as a consequence of the oblique wavefronts, the g-HPs exhibit an unusual propagation feature: their electric fields exponentially attenuate with sinusoidal phase oscillations inside calcite.


Extended Data Fig. 3 Comparison of in-plane polariton dispersion for s-HPs, g-HPs and v-HPs.
a–c, Schematic illustration of bulk calcite crystal with θ = 0°, 23.3°, 90°. d–f, Natural crystals can exhibit extreme dielectric anisotropy, arising when the permittivity tensor elements along orthogonal principal axes have opposite signs (for example, either type I: Re(ε⊥) > 0, Re \(({\varepsilon }_{\parallel })\) < 0, or type II: Re(ε⊥) < 0, Re\(({\varepsilon }_{\parallel })\) > 0, for uniaxial materials4,5). These features result in polaritons—light–matter hybrid electromagnetic excitations—with a hyperbolic dispersion, that is, the polariton wavevector k can support the hyperbolic isofrequency contours. Because of the two types of anisotropic dielectric permittivity, the hyperbolic dispersions are accordingly in the form of two types of open hyperboloids, which are the solutions of the equation of the wavevector k given by\(\,{\text{k}}_{z}^{2}/{{\rm{\varepsilon }}}_{\perp }+({\text{k}}_{x}^{2}+{\text{k}}_{y}^{2})/{{\rm{\varepsilon }}}_{\parallel }=\,{\text{k}}_{0}^{2}\), in which k0 is the free-space wavevector. As a result, the polaritons in strongly anisotropic materials are called hyperbolic polaritons1,2,3. The figure shows schematic illustrations of three-dimensional isofrequency and projected in-plane isofrequency contours (represented by the blue dashed line) at the kx–ky plane for s-HPs (d), g-HPs (e) and v-HPs (f) at the corresponding angle θ = 0°, 23.3°, 90°. The black dashed arrow represents the optic axis. g, A false-colour map showing the Fourier transform results of dipole-launched g-HPs. Dashed red, green and white lines correspond to the theoretical IFCs of in-plane wave vectors for s-HPs, g-HPs and v-HPs respectively.


Extended Data Fig. 4 Numerical simulations of g-HPs considering the material loss.
a–c, Transverse cross-section of the simulated near-field distribution of a g-HP mode for different losses. It is clear that the g-HPs still exist in the presence of the loss. However, the propagation length is reduced when adding the loss. For all cases we use \({\varepsilon }_{\parallel }\) = 2.34.


Extended Data Fig. 5 Evaluation of the effective wavevectors of g-HP rays.
a, Near-field image of antenna-launched g-HPs, shown in Fig. 2b. b, Magnified image of the g-HP ray, taken from the area marked in a. c, Fourier transform of b, indicating the composite of the super-composed mode.


Extended Data Fig. 6 Comparison of experimental and simulated near-field images of disk-launched g-HPs.
a–c, Disk-launched g-HPs at three different frequencies: ω = 1,450 cm−1 (a), ω = 1,460 cm−1 (b) and ω = 1,470 cm−1 (c). Left, experimental near-field images of g-HPs. Middle, simulated near-field images of disk-launched g-HPs. Right, Fourier transform of the experimental near-field images shown in the left panels. Green and white lines are theoretical IFCs of in-plane wave vectors by considering the interference factors (±k0cosφ) according to Supplementary Fig. 3. Considering that the metallic s-SNOM tip is not included in the calculations, we thus assign the experimental near-field distribution to disk-launched polaritons.





Supplementary information
Supplementary Information
This file contains Supplementary Information Sections 1-4 as follows: the theory to determine the g-HP propagation features; details of numerical simulations; Supplementary Figs 1-9 and Supplementary References.





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Ma, W., Hu, G., Hu, D. et al. Ghost hyperbolic surface polaritons in bulk anisotropic crystals.
                    Nature 596, 362–366 (2021). https://doi.org/10.1038/s41586-021-03755-1
Download citation
	Received: 16 February 2021

	Accepted: 22 June 2021

	Published: 18 August 2021

	Issue Date: 19 August 2021

	DOI: https://doi.org/10.1038/s41586-021-03755-1


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Manipulating hyperbolic transient plasmons in a layered semiconductor
                                    
                                

                            
                                
                                    	Rao Fu
	Yusong Qu
	Jianing Chen


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Planar hyperbolic polaritons in 2D van der Waals materials
                                    
                                

                            
                                
                                    	Hongwei Wang
	Anshuman Kumar
	Tony Low


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Twisted moiré conductive thermal metasurface
                                    
                                

                            
                                
                                    	Huagen Li
	Dong Wang
	Cheng-Wei Qiu


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Van der Waals quaternary oxides for tunable low-loss anisotropic polaritonics
                                    
                                

                            
                                
                                    	Tian Sun
	Runkun Chen
	Peining Li


                                
                                Nature Nanotechnology (2024)

                            
	
                            
                                
                                    
                                        Robust asymmetric Cherenkov radiation in tilted anisotropic medium
                                    
                                

                            
                                
                                    	Shuwen Xue
	Yadong Xu
	Huanyang Chen


                                
                                Science China Physics, Mechanics & Astronomy (2024)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
